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Summary  In  the  present  work,  a  band  stop  ﬁlter  with  tunable  resonant  frequency  and  tunable
bandwidth  is  proposed  using  micro  electromechanical  (MEMS)  switches.  The  band  stop  ﬁlter
is based  on  defected  ground  structures  (DGS).  Tunability  of  resonant  frequency  is  achieved
through two  methods  for  ﬁne  and  coarse  tuning.  The  various  switching  states  of  the  ﬁlter  are
represented  by  equivalent  circuit  models.  Four  MEMS  series  switches  are  loaded  over  each  of  the
four branches  of  a  T-shaped  DGS  structure.  The  switches  are  successively  actuated  to  increase
the resonant  frequency  of  the  ﬁlter  in  narrow  steps.  A  coarser  method  of  tuning  the  resonant
frequency makes  use  of  two  switches  connected  across  the  gaps  of  the  DGS.  In  this  method,  the
resonant frequency  varies  nonlinearly  with  the  height  of  the  switch  beam.  The  bandwidth  of  the
ﬁlter is  tuned  by  actuation  of  MEMS  shunt  switches,  forming  a  distributed  MEMS  transmission  line
(DMTL) in  the  spacing  between  the  DGS  structures.  The  actuation  of  the  MEMS  shunt  switches  in
the DMTL  results  in  a  slow  wave  effect.  This  increases  the  effective  electrical  length  between
the DGS  structures  leading  to  increase  in  bandwidth.
© 2016  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
aIntroductionDefected  ground  structures  (DGS)  or  photonic  band  gap
structures  (PBG)  are  lattice  structures  originally  used
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licenses/by-nc-nd/4.0/).t  optical  frequencies.  DGS  can  be  used  at  microwave
requencies  by  etching  a  narrow  gap  between  photonic  band
ap  structures  (Kim  et  al.,  2000;  Ahn  et  al.,  2001).  DGS
tructures  provide  rejection  of  certain  frequency  bands,
epending  on  the  defect  structure  (Weng  et  al.,  2008;  Breed,
008).  Tunability  can  be  introduced  into  DGS  by  using  varac-
ors  or  switches  (Safwat  et  al.,  2006;  Karim  et  al.,  2005a,b;
ouladi  et  al.,  2008;  Zhang  et  al.,  2010;  Huang  et  al.,  2009;
hang  et  al.,  2013).  MEMS  switches  are  preferred  over  semi-
onductor  switches  due  to  low  insertion  loss,  better  linearity
nd  low  power  consumption  (Rebeiz  et  al.,  2009).  At  lower
requencies,  the  dimensions  of  the  circuits  tend  to  be  larger,
icle under the CC BY-NC-ND license (http://creativecommons.org/
5a
M
a
r
a
s
s
i
2
n
a
s
b
2
M
D
2
t
i
a
a
D
t
q
i
2
c
e
f
o
n
i
h
q
8
m
t
ﬁ
D
B
u
A
u
g
i
i
s
c
b
i
l
l
l
r
t
b
a
2
T
D
d
c
i
a
v
c
A
i
a
n
a
t
ﬁ
b
t
u
c
i
M
t
T
o
D
t
D
n
t
T
s
I
i
e
c
w
s
p
t
l
i
k
n06  
nd  varactors  or  semiconductor  switches  are  used  instead  of
EMS  switches.
A  dumb  bell  shaped  DGS  is  tuned  using  MEMS  switches
ltering  its  resonant  frequency  (Safwat  et  al.,  2006).  A
econﬁgurable  ﬁlter  based  on  DGS  is  obtained  using  a  var-
ctor  placed  across  a  narrow  slot  interconnecting  two  DGS
tructures  (Karim  et  al.,  2005a).  By  introducing  a  MEMS
witch  across  the  gap  of  the  DGS  structure,  a  tunable
mpedance  matching  circuit  is  obtained  (Fouladi  et  al.,
008).  Variation  in  the  height  of  the  switch  beam  con-
ected  across  the  gap  of  the  DGS  can  also  be  used  to
lter  the  resonant  frequency  (Zhang  et  al.,  2010).  MEMS
eries  switches  placed  across  a  square  shaped  DGS  can
e  used  to  alter  the  resonant  frequency  (Huang  et  al.,
009).  Bandwidth  can  be  tuned  by  incorporating  distributed
EMS  transmission  lines  (DMTL)  in  the  spacing  between
GS  structures  (Karim  et  al.,  2005b;  Barker  and  Rebeiz,
000).
In  the  proposed  work,  a  tunable  DGS  based  bandstop  ﬁl-
er  having  tunability  of  center  frequency  and  bandwidth
s  simulated  using  MEMS  switches.  Three  kinds  of  tuning
re  employed.  In  the  ﬁrst  method,  MEMS  series  switches
re  loaded  across  each  of  the  four  branches  of  a  T-shaped
GS.  Actuation  of  these  switches  results  in  reduction  of
he  dimension  of  the  defect,  and  alters  the  resonant  fre-
uency.  It  is  found  that  actuation  of  each  successive  switch
ncreases  the  resonant  frequency  in  steps,  from  22  GHz  to
2.8  GHz.  The  results  of  the  switch  based  tuning  are  also
ompared  with  that  of  a  parametric  analysis  in  which  the
ffect  of  the  dimensions  of  the  defect  structure  on  the
requency  response  of  the  DGS  is  studied.  A  second  kind
f  tuning  employed  in  this  ﬁlter  uses  a  MEMS  switch  con-
ected  across  the  gap  of  the  DGS.  It  is  seen  that  variation
n  the  resonant  frequency  of  the  DGS  structure  w.r.t.  the
eight  of  the  switch  is  highly  nonlinear.  The  resonant  fre-
uency  varies  from  20  GHz  for  a  switch  height  of  2  m  to
.4  GHz  for  a  switch  height  of  0.1  m.  The  third  tuning
ethod  uses  DMTL  in  the  spacing  between  the  DGS  struc-
ures.  This  results  in  an  increase  of  the  bandwidth  of  the
lter.
efected ground structures
and  stop  ﬁltering  is  obtained  at  photonic  frequencies
sing  lattice  structures  called  photonic  band  gap  structures.
t  microwave  frequencies,  defected  ground  structures  are
sed  which  are  obtained  by  interconnecting  photonic  band
ap  structures  through  a  narrow  slot.  The  defect  structure
s  implemented  in  the  ground  plane  of  microstrip  circuits  or
n  the  ground  planes  of  CPW.  The  presence  of  the  defect
tructure  disturbs  the  shield  current  in  the  ground  plane,
reating  an  inductive  effect.  The  current  loop  introduced
y  the  DGS  also  results  in  a  slow  wave  effect  by  alter-
ng  the  effective  dielectric  constant  of  the  transmission
ine.  The  capacitive  gap  that  connects  the  DGS  to  the  slot
ines  of  a  CPW  is  represented  by  C.  L  and  C  in  paral-
el  result  in  an  attenuation  pole,  leading  to  a  bandstop
esponse.  The  losses  occurring  in  the  DGS  such  as  radia-
ion  loss,  conductor  loss  and  dielectric  loss  are  represented
y  a  resistance  R  in  parallel  with  the  LC  circuit.  The  L,  R
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nd  C  values  are  given  by  (Weng  et  al.,  2008;  Kim  et  al.,
002)
C  = ωc
2Z0(ω20 −  ω2c )
;  L  = 1
42f20C
;
R  = 2Z0√
1/
∣∣S11
∣∣2 −  (2Z0(ωC  −  (1/ωL)))2 −  1
(1)
unability  of  defected  ground  structures
efected  ground  structures  can  be  tuned  by  using  nonlinear
evices  such  as  switches  and  varactors  to  introduce  a  short
ircuit  between  certain  regions  in  the  defect.  This  can  result
n  changing  the  shape  or  the  dimension  of  the  structure,  to
lter  its  frequency  response.  The  effect  of  the  DGS  can  be
aried  using  MEMS  series  switches  placed  across  the  gaps
onnecting  the  DGS  structures  to  the  slot  lines  of  the  CPW.
ctuation  of  the  switch  beam  shorts  out  the  gap,  eliminat-
ng  the  DGS  structure.  The  height  of  the  switch  beam  placed
cross  the  gap  of  a  DGS  can  also  be  used  to  vary  the  reso-
ant  frequency.  This  is  because  actuation  of  the  switch  beam
ffects  the  coupling  of  electromagnetic  ﬁelds  into  the  DGS,
hereby  varying  its  effective  inductance  and  capacitance.  In
lters  based  on  DGS,  the  bandwidth  depends  on  the  spacing
etween  DGS  structures.  The  effective  electrical  length  of
he  spacing  between  the  DGS  structures  can  be  increased  by
sing  distributed  MEMS  transmission  lines  (DMTL).  The  DMTL
onsists  of  distributed  MEMS  capacitive  shunt  switches  load-
ng  a  transmission  line.  The  distributed  capacitance  of  the
EMS  switches  add  to  the  distributed  capacitance  of  the
ransmission  line,  leading  to  a  reduction  of  phase  velocity.
his  results  in  an  increase  in  the  effective  electrical  length
f  the  DMTL.  The  capacitance  of  the  MEMS  switches  in  the
MTL  can  be  controlled  by  electrostatic  actuation,  to  vary
he  electrical  length.  By  employing  DMTL,  the  bandwidth  of
GS  based  ﬁlters  can  be  increased  without  increasing  the
umber  of  DGS  structures.  This  can  reduce  the  dimension  of
he  ﬁlter  structure.
he proposed tunable DGS ﬁlter using MEMS
witches
n  the  proposed  work,  a  band  stop  ﬁlter  based  on  DGS
s  tuned  by  MEMS  switches.  Three  kinds  of  tuning  are
mployed.  The  ﬁrst  two  methods  are  used  for  ﬁne  and
oarse  variation  of  the  resonant  frequency  while  the  band-
idth  is  tuned  by  the  last  method.  Four  independent  MEMS
eries  switches  (switches  1—4  of  Fig.  1(a))  are  symmetrically
laced  above  the  four  branches  of  a  T  shaped  DGS  struc-
ure.  Actuation  of  each  switch  results  in  reduction  of  the
ength  of  the  corresponding  branch,  and  causes  an  increase
n  the  resonant  frequency  of  the  DGS  structure.  A  second
ind  of  tuning  for  obtaining  a  coarse  variation  of  the  reso-
ant  frequency  is  based  on  MEMS  switches  (switches  5  and of  Fig.  1(a))  placed  across  the  gap  of  the  DGS.  The  DGS
tructure  is  connected  to  the  slot  line  of  the  CPW  through
his  gap.  Pull  down  effect  is  avoided  in  this  switch  by  mod-
fying  the  structure  of  the  switch.  The  bandwidth  of  the
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ﬁlter  using  MEMS  switches.  (b)  The  basic  structure  of  the  T  shaped
Table  1  Model  parameters  of  the  LCR  equivalent  circuit
model  of  the  proposed  tunable  band  stop  DGS  ﬁlter,  for  dif-
ferent  numbers  of  actuated  switches  in  the  four  branches  of
the DGS  structure.
No.  of
actuated
switches
f0 (GHz)  fc (GHz)  S21 (dB)  L  (pH)  C  (fF)  R  (k)
0  22  21.72  −26.08  18.5  2824  2.01
1 22.25  21.9  −27.5  16.8  3042  2.36
2 22.33  22.11  −29.17  14.8  3442  2.87
3 22.63  22.45  −31.3  10.9  4530  3.65
4 22.85  22.7  −35.8  9.17  5288  6.18
Table  2  Model  parameters  of  the  LCR  equivalent  circuit
model  of  the  proposed  tunable  band  stop  DGS  ﬁlter,  for  vary-
ing heights  of  switch  beams  of  switches  5  and  6,  loaded
across the  gaps  of  the  DGS  structure.
Height of
switch
beam
(m)
f0 (GHz) fc (GHz) S21 (dB) L (pH) C (fF) R (k)
0.1 8.4 8.2 −21.25 91.3 3931 1.15
0.4 14.3 14 −28.5 47.2 2625 2.66
1 17.9 17.5 −32.75 40.2 1967 4.34
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sFigure  1  (a)  Layout  of  the  proposed  tunable  DGS  band  stop  
DGS unit  (not  drawn  to  scale).
proposed  ﬁlter  is  tuned  by  actuation  of  MEMS  switches  in  the
distributed  MEMS  transmission  lines  (DMTL)  in  the  spacing
between  the  DGS  structures.
Design of the proposed DGS based BSF
The  proposed  T-shaped  DGS  structure  on  CPW  (see  Fig.  1)
is  simulated  in  HFSS  and  tunability  is  determined  through  a
parametric  analysis.  Four  MEMS  series  switches  are  loaded
above  the  branches  of  the  DGS  such  that  actuation  of
the  switches  results  in  decrease  of  dimension  ‘b’.  The
MEMS  switches  are  of  aluminum  and  have  a  length  of
260  m  and  width  100  m.  The  dimensions  of  the  DGS  are
a  =  300  m,  b  =  260  m,  j  =k  =  50  m,  and  h  =  655  m.  The
CPW  dimensions  are  55/100/55  m  on  silicon  substrate
(εr =  11.9)  of  thickness  380  m.  The  width  of  ground  planes
of  CPW  is  1200  m.  The  second  method  of  tuning  employs
MEMS  switches  connected  across  the  gaps  of  the  DGS.  For
these  switches,  pull  down  effect  is  avoided  by  keeping  the
thickness  of  the  actuation  electrode  as  0.4  m,  while  the
thickness  of  the  ground  plane  is  2  m.  One  of  the  anchors
of  the  switch  is  isolated  from  the  ground  plane.  These
switches  have  a  length  of  160  m  and  width  100  m.  The
MEMS  switches  employed  in  the  DMTL  region  for  tuning  of
bandwidth  have  a  length  210  m  and  width  100  m.
Results and  discussion
The  simulation  results  of  the  proposed  tunable  band  stop  ﬁl-
ter  using  DGS  and  MEMS  switches  are  presented.  In  the  ﬁrst
tuning  method,  employed  for  ﬁne  tuning  of  resonant  fre-
quency,  four  MEMS  switches  are  successively  actuated.  This
decreases  the  effective  lengths  of  the  four  branches  of  the
DGS  and  increases  the  resonant  frequency  in  four  steps  of
0.2  GHz,  starting  from  22  GHz;  see  Table  1, and  Fig.  2(a).
When  the  switches  are  in  upstate,  the  rejection  of  the  reso-
nant  frequency  is  lesser.  As  the  number  of  actuated  switches
increases,  the  insertion  loss  of  the  ﬁlter  at  the  resonant
frequency  increases.  Fig.  2(b)  shows  the  shift  in  resonant
frequency  with  a  parametric  variation  of  the  lengths  of  the
four  branches  of  the  DGS  structure.  The  shift  in  the  resonant
frequency  f0,  due  to  actuation  of  the  switches  is  lesser  than
the  shift  in  f0 observed  in  the  parametric  analysis.In  the  coarse  method  of  tuning  of  resonant  frequency,
MEMS  switches  are  loaded  at  the  gaps  of  DGS  structures.
Actuation  of  the  switch  results  in  nonlinear  variation  of  the
resonant  frequency  with  the  height  of  the  switch  beam.  Pull
i
p
v1.5 19.2 18.8 −35.5 34.9 1968 5.95
2 19.7 19.3 −36.1 33.15 1969 6.38
own  is  avoided  in  this  switch  and  hence,  large  variation
n  resonant  frequency  can  be  obtained  for  extremely  small
eam  heights  such  as  0.1  m;  see  Table  2,  and  Fig.  3(a).
he  resonant  frequency  varies  from  20  GHz  corresponding
o  a  beam  height  of  2  m,  to  about  8.4  GHz  corresponding
o  0.1  m.  In  the  upstate  of  the  switches  the  resonant  fre-
uency  is  20  GHz  instead  of  22  GHz.  This  is  because  of  the
oading  due  to  the  ﬁnite  capacitance  of  the  switch  in  the
pstate.  As  the  beam  height  is  reduced,  a larger  variation  in
esonant  frequency  is  observed.  The  bandwidth  of  the  ﬁlter
s  varied  by  applying  actuations  to  the  MEMS  switches  con-
ected  in  the  spacing  between  the  DGS  structures.  Fig.  3(b)
hows  the  increase  in  bandwidth  resulting  from  the  increase
n  the  number  of  actuated  switches.For  the  various  switching  states  of  the  MEMS  switches
laced  across  the  branches  of  the  DGS,  the  equivalent  LCR
alues  are  listed  in  Table  1.  When  more  switches  are  in
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Figure  2  (a)  and  (b).  Simulation  results  in  HFSS  for  the  shift  in  resonant  frequency  f0 as  (a)  the  dimension  b  of  each  of  the  four
branches of  the  DGS  structures  is  reduced  successively  and  (b)  each  of  the  four  MEMS  series  switches  (switches  1—4)  are  actuated
successively.
Figure  3  (a)  Simulation  results  in  HFSS  for  the  shift  in  resonant  frequency  f with  the  height  of  the  switch  beams  of  the  switches
l n  re
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Aoaded across  the  gaps  of  DGS  (switches  5  and  6).  (b)  Simulatio
umber of  actuated  switches  in  the  DMTL  region,  between  the  
pstate,  the  rejection  at  the  resonant  frequency  is  lesser.
t  is  understood  that  the  presence  of  MEMS  switch  metal
eams  in  the  upstate  can  decrease  the  effect  of  the  defect  in
ejecting  the  resonant  frequency.  The  shift  in  resonant  fre-
uency  and  cut  off  frequency  are  inﬂuenced  by  the  variation
n  the  inductance  and  capacitance  of  the  DGS.  Actuation  of
he  switches,  leads  to  a  decrease  in  the  size  of  the  current
oop,  decreasing  the  effective  inductance.  When  switches
re  actuated,  the  electric  ﬁeld  in  the  branches  of  the  DGS  is
onﬁned  to  a  lesser  area  causing  an  increase  in  capacitance.
he  variation  in  inductance  of  the  DGS  is  greater  than  the
ariation  in  capacitance.
For  MEMS  switches  5  and  6,  connected  across  the  gap
f  the  DGS,  actuation  of  the  switches  result  in  nonlinear
ariation  of  resonant  frequency  with  switch  height.  When
he  height  of  switch  beam  is  small,  the  effect  of  the  DGS  is
esser,  which  results  in  lesser  insertion  loss.  The  values  of
he  model  parameters  L,  C  and  R  in  the  equivalent  circuit  of
he  DGS  structure  for  various  heights  of  MEMS  switch  beams
re  given  in  Table  2.
onclusions
 tunable  band  stop  ﬁlter  using  defected  ground  structures
nd  MEMS  switches  is  proposed.  Two  methods  are  employed
or  ﬁne  and  coarse  tuning  of  the  resonant  frequency  of  the
lter.  The  bandwidth  of  the  ﬁlter  is  varied  using  distributed
EMS  transmission  lines  (DMTL).  The  various  switching
tates  of  the  ﬁlter  are  represented  by  equivalent  circuit
odels.  For  the  ﬁne  tuning  of  resonant  frequency,  four
EMS  series  switches  are  used.  Each  switch  is  placed  across
B0
sults  in  HFSS  for  the  shift  in  bandwidth  due  to  variation  in  the
structures.
ne  of  the  four  branches  in  a  T  shaped  DGS.  Actuation  of  the
EMS  switches  decreases  the  lengths  of  the  branches  of  the
GS.  This  leads  to  an  increase  in  the  resonant  frequency.
ctuation  of  each  successive  MEMS  switch  increases  the
esonant  frequency  in  four  steps,  from  22  GHz  to  22.8  GHz.
 coarser  variation  in  the  resonant  frequency  of  the  ﬁlter  is
btained  by  varying  the  height  of  switch  beams  connected
cross  the  gaps  of  the  DGS.  The  DGS  structure  is  connected
o  the  slot  lines  of  the  CPW  through  this  gap.  The  resonant
requency  varies  nonlinearly  with  respect  to  the  height  of
he  switch  beam.  Pull  down  is  avoided  in  this  switch,  and
arge  variation  in  resonant  frequency  is  observed  near  small
alues  of  switch  height,  near  0.1  m.  Introduction  of  the
EMS  switches  at  the  gaps  of  DGS  reduces  the  resonant
requency  from  22  GHz  to  20  GHz,  when  the  new  switches
re  in  upstate.  This  is  due  to  the  loading  by  the  capacitance
f  these  switches  in  the  upstate.  The  resonant  frequency
aries  from  around  20  GHz  for  a  switch  height  of  2  m  to
.4  GHz  corresponding  to  a  switch  height  of  0.1  m.  The
andwidth  of  the  ﬁlter  is  varied  by  varying  the  number  of
ctuated  switches  in  the  distributed  MEMS  transmission  line
etween  adjacent  DGS  structures.
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